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Semiarid ecosystems, also known as drylands, contain small amounts of carbon (C). To date only few
studies have evaluated soil C dynamics in these ecosystems. Cyanobacterial soil crusts are considered
a major source of organic C in semiarid ecosystems through photosynthesis, increasing soil organic C
(SOC) pool as carbohydrates. This study considers cyanobacterial soil crusts as a source of C in the
southwest Kalahari. Cyanobacterial soil crusts are well adapted to drylands because extracellular poly-
saccharide (EPS) secretions provide stabilization of soil and resistance to desiccation. The carbohydrate
and chlorophyll a content were evaluated in the upper soil profile on Kalahari Sands and pan soils.
Topsoil carbohydrate concentration decreased exponentially with depth. The carbohydrate content
produced in cyanobacterial soil crusts in the southwest Kalahari represents up to 75% of the total SOC
and is thus an essential component for the fertility of Kalahari Sand soils.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
1.1. Soil carbon in semiarid ecosystems
Soil is the largest pool of C in the biosphere, storing three times
the amountof C in above-groundbiomass and twotimes the amount
in the atmosphere (Schlesinger,1997). Cyanobacterial soil crusts are
considered amajor source of SOC in semiarid ecosystems (Evans and
Lange, 2003; Housman et al., 2006) accumulating C as carbohy-
drates and as energy reserve for cells through their photosynthetic
mechanism (Bertocchi et al., 1990). The carbohydrates accumulated
in the soil are not only part of the organic C pool but they can also
protect the surface against wind erosion (Xie et al., 2007).
Because semiarid ecosystems contain small amounts of C, soils
are prone to degradation (Lal, 2004). Soil erosion is considered
a major cause and symptom of desertification processes, affecting
SOC through a net loss of fertility (Lal, 2003) or the redistribution of
C-enriched sediments from plant interspaces to underneath shrub
canopies (Schlesinger et al., 1990). Cyanobacterial soil crusts,
however, can resist erosion bywater andwind through the network
of filaments and EPS and by trapping nutrient-enriched dust
(Mazor et al., 1996; Reynolds et al., 2001). Because arid and semi-
arid ecosystems cover about 40% of the earth's land surface andAll rights reserved.about one-third of the human population inhabit them (Lal, 2004),
there is an increasing need to better understand whether soils act
as a sink or source of C that will ultimately affect soil stability and
the sustainability of pastoralism in semiarid ecosystems.
1.2. Carbon metabolism in cyanobacterial soil crusts
Cyanobacteria are capable of photosynthesis, respiration,
nitrogen (N2) fixation, decomposition and mineralization, contrib-
uting to ecosystem C and N stock and cycling. As a result of
photosynthesis, cyanobacteria produce O2, synthesize chlorophyll
a and carbohydrates (Terauchi and Kondo, 2008). Through photo-
synthesis, cyanobacteria are therefore capable of increasing the C
content in the surrounding soil in the form of carbohydrates and
acts as energy source that can be readily utilized by other soil
organisms (Bertocchi et al., 1990). The layer of polysaccharides also
acts as a mechanical structure surrounding the cyanobacterial cells
that together with the soil particles forms a heterogeneous mass or
aggregate in the topsoil (Mazor et al., 1996), capable of increasing
water holding capacity thus delaying desiccation when moisture is
available (Mager, 2008).
The major constraint to crust productivity is the availability of
moisture (Belnap et al., 2004). In arid and semiarid ecosystems,
however, rainfall patterns, vegetation cover, soil texture and
temperature control soil moisture dynamics and residence time of
water in the soil surface (D'Odorico et al., 2000) and thus the extent
of photosynthetic and respiration rates within the crust. Although
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of C gain and loss from semiarid soils, these fluxes can change
rapidly and are thus difficult to interpret. Instead of analyzing rapid
changes in CO2 fluxes in trying to understand C sequestration in
semiarid ecosystems, an evaluation of the amount of carbohydrates
stored in the soil by cyanobacteria would give an indication of the
soil C pool. Carbohydrates has long been used as an indicator of soil
surface stability (Mazor et al., 1996) and has recently been included
as a measure of the level of development of cyanobacterial soil
crusts in relation to soil stability (Belnap et al., 2008). This study
presents an investigation into the ability of cyanobacterial soil
crusts to synthesize EPS and accumulate C as carbohydrates in the
upper soil profile in Kalahari Rangelands.
2. Material and methods
2.1. Study area
The Kalahari is the world's most extensive mantle of unconsoli-
dated sand covering 2.5 million km2 of southern Africa and about
80%of the territoryof Botswana (Thomas andShaw,1991). The sand-
covered landscape is dominated by partially vegetated linear sand
dunes up to 5e25mhighwith crest to crest spacingof 200m to2 km
(Bullard and Nash, 1998). Dry valleys and pan depressions are also
common in the region (Thomas and Shaw,1991). Pans are formed in
unconsolidated clays, shales and sands, with some occurring in
areas where there is a thick layer of calcrete (Lancaster, 1978). The
climate is characterized by a strong north to south rainfall gradient
where rainfall is highly variable spatially and temporally, seasonally
and annually (Thomas and Shaw,1991). During the summer rainfall
months, high temperatures enhance evapotranspiration (Thomas
and Shaw, 1991). The heterogeneous vegetation patches are char-
acterized by thorny shrubs and Acacia trees (Ringrose et al., 2003),
with Acacia mellifera, Acacia erioloba and Grewia flava as the most
dominant species responsible for bush encroachment (Moleele
et al., 2002). The only vegetation present on pan soils are short
grasses such as Schmidtia kalihariensis and Stipagrostis obtusa.
During periods of drought, vegetation cover decreases leading to
increased wind erosion rates, decline in soil fertility and soil mois-
ture storage capacity (Thomas and Shaw, 1991). Kalahari Sand soils,
however, have also been characterized by resilience (Dougill et al.,
1998) due to their ability to recover from short and long-term
environmental stresses. Not only does vegetation cover stabilize
soils against erosion (Wiggs, 2001), but also biological soil crusts
(BSC) play an important role in stabilizing unvegetated areas in the
Kalahari (Thomas and Dougill, 2007). Although scientific interest in
the Kalahari has increased recently, there is very little information
on the dynamics associated with dryland surface processes, specif-
ically the role of cyanobacterial soil crusts in Kalahari Sand soils.
Researchwas conducted in the southwestKalahariwhereBSCare
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Fig. 1. Carbohydrate content of all crust types on Kalahari Sands under A. mellifera, G.the surface (Dougill and Thomas, 2004). The area corresponds to
a lightly grazed farmland located in the Kgalagadi District, near the
town of Tsabong. The study site has been used as a permanent
research site for over a decade, with climatic records (rainfall and
temperature) and ongoing studies. The southwest Kalahari lies in
the southern African summer rainfall zone and receives approxi-
mately 325 mm mean annual rainfall (1997e2007 average). The
rains usually fall in the summermonths, betweenOctober andApril.
2.2. Field sampling
Fieldwork was undertaken between August and October 2006.
Maximum and minimum temperatures during the study were of
32 C and 15 C respectively and daylight duration of approximately
12 h and 40 min. Two sites were selected for sampling including
Kalahari Sands and pan soils. Four types of cyanobacterial soil
crusts were used in this study from the classification given in
Dougill and Thomas (2004). They were selected based on crust
form and morphology: unconsolidated, type 1, type 2 and type 3
crusts. The morphological characteristics of the crusts enable the
study of different developmental stages of the microbial commu-
nity within crust types and different stages in the formation of
stable aggregates through the synthesis of EPS. On Kalahari Sands,
cyanobacterial soil crusts were collected under A. mellifera, G. flava
and plant interspaces, while on pan soils type 3 crusts were
collected adjacent to short grasses.
To determine the carbohydrate content in the upper soil profile,
soil pits were dug adjacent to A. mellifera bushes, where crusts have
beenmost commonly found (Berkeleyet al., 2005). Triplicate samples
were collectedworking from the surfacedownwardswith a sterilized
spatula, stored in small plastic containers and carried to the field
laboratory. A total of four soil pitswere evaluatedonKalahari Sands to
a depth of 800 mm. On the pan, two soil pits were evaluated to
a depth of 400 mm. Soil samples were collected in triplicate every
50mm. Quantification of the total carbohydrate and chlorophyll a (as
a proxy measure of cyanobacterial biomass) content was carried out
on duplicates from every sample in the field laboratory within five
days of sampling. For example, for a given depth, three samples were
collected and each sample analyzed in duplicate (n ¼ 6).
2.3. Analytical procedures
Carbohydrates were quantified after soil hydrolysis with 1 M
sulphuric acid carried out for 2 h. The anthrone-sulphuric method
(Brink et al., 1960) was used as a relative measure of the total
polysaccharide content present in the soil crust (using glucose as
a standard). Estimates of the cyanobacterial biomass was provided
by the chlorophyll a content (Garcia-Pichel and Belnap, 1996),
measured according toMackinney (1941) after extraction using 98%
methanol. Determination of total organic C was carried out using
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flava and in plant interspaces. Error bars on graphs represent 2 SE of the mean.
Table 1
Summary of physical, chemical properties and carbohydrate-C and content for all
crust types on Kalahari Sands and type 3 crust on pan soils.
Variable Kalahari Sands Pan soils
Type 2 Type 3 Type 3
Sand:Silt:Clay 91:4:5 92:3:5 84:11:5
OM% 1.06  0.27 1.79  0.64 3.25  1.08
Total organic C% 0.72  0.04 1.08  0.04 6.06  0.30
Carbohydrate-C% 0.42  0.04 0.80  0.15 3.90  0.41
Org C%/Carb-C% 58 74 64
The total % organic C was determined with a C analyzer. The % carbohydrate-C was
calculated by estimating the carbohydrate-C fraction using glucose as standard
while % OM was estimated by loss on ignition. Values are the mean  standard
deviation.
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carbohydrates. The amount of carbohydrate-C was calculated by
estimating the carbohydrate-C fraction using D-glucose as standard
(40% of glucose is Ce C6H12O6). Organicmatter (OM)was estimated
by loss on ignition at 550 C for 3 h (Howard and Howard, 1990).
Soil texture was determined with a Beckman Coulter Multisizer 3
that operates by volume displacement of samples smaller than
2 mm. Soil bulk density was estimated according to Anderson and
Ingram (1993).2.4. Analysis of data
All data were averaged to produce one mean value per case to
avoid pseudo-replication (n ¼ 3). Error bars on graphs are 2 stan-
dard errors (SE) of the mean. Data were tested for normality using
a one-sample KolmogoroveSmirnov test and by visualization of thea
c
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Fig. 2. Vertical distribution of the carbohydrate content in Kalahari Sands. Graphs represent s
2 SE of the mean.histogram distribution. As data were normally distributed, statisti-
cally significant differences between crust types were determined
with 95% (P< 0.05) confidence using one-way ANOVAwith Tukey's
post-hoc testing for comparisons of carbohydrate and chlorophyll
a content between crust types. Vertical distribution of cyanobacte-
rial EPS (carbohydrate content)was analyzedusing curveestimation
regression statistics. Regression analysis was used to determine the
best fit curve for the carbohydrate content in the upper soil
(quadratic, cubic and exponential regression). Data on % C and
carbohydrate were analyzed with Pearson's productemoment
correlation to estimate the relationship between two variables.
Linear regression analysis was used to compare results from % C
determined by analyzer and % C estimated from the carbohydrates
extracted. Statistical analyses of the data was carried out using SPSS
17.0 for Windows.
3. Results
Fig. 1 shows the carbohydrate content of all crust types on
Kalahari Sands. Carbohydrate content in type 2 and type 3 crusts is
generally significantly higher than unconsolidated and type 1
crusts. The carbohydrate content is significantly higher for type 3
crusts under G. flava and A. mellifera compared to plant interspaces.
Because the carbohydrate content of unconsolidated and type 1
crusts are significantly low, the remaining of the studies were
carried out on type 2 and type 3 crusts only.
A summary of surface OM%, total organic C% and % carbohydrate-
C for the different crust types is shown in Table 1. Regardless of soil
type (Kalahari Sands and pan soils), OM is significantly greater in
type 3 crusts. OM is significantly greater in type 3 crusts from pan
soils (P  0.05) compared to Kalahari Sands. The carbohydrateb
d
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oil pits under type 2 crusts (a, b, c) and under type 3 crusts (d). Error bars on graphs are






















0 6 12 72 78
Fig. 3. Vertical distribution of the carbohydrate content in pan soils. Both graphs (a, b) represents soil pits under type 3 crusts. Error bars on graphs are 2 SE of the mean.
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than on Kalahari Sands. For Kalahari Sands, type 3 crusts has the
greatest carbohydrate content, % carbohydrate-C and % C. Type 3
crustshence represent thehigher sourceof carbohydrates to the soil,
especially on the pan.
Given that approximately 40% of carbohydrates is C
(C6H12O6 ¼ 180 g mol1 of which 72 g mol1 is C), it was possible to
make an estimation of the amount of C store in the surface as
carbohydrates. The estimated C concentrations vary between 60
and 140 gCm2 in the surface (top 5mm). Differences are related to
soil bulk density and soil texture.
Regardless of crust and soil type, maximum concentrations of
carbohydrates were found at the surface (Figs. 2 and 3). Regression
analysis of the data (Table 2) showed that there was a significant
cubic relationship between carbohydrate content and depth,
though a significant quadratic and exponential relationship was
also found in most cases, reflecting the rapid decrease of the
concentration of carbohydrates down the soil profile. For type 3
crusts there was at least a 20 fold decrease in carbohydrate content
levels between the surface (0e5 mm) and subsoil (5e100 mm)Table 2
Regression analysis for all soil pits studied.
Location Method R2 F P
Kalahari Sand1 QUA 0.483 7.93 0.004
CUB 0.658 10.24 0.001
EXP 0.579 24.77 0.000
Kalahari Sand2 QUA 0.378 4.56 0.028
CUB 0.606 7.17 0.04
EXP 0.211 4.27 0.055
Kalahari Sand3 QUA 0.407 5.50 0.015
CUB 0.539 5.84 0.008
EXP 0.452 14.03 0.002
Kalahari Sand4 QUA 0.441 5.92 0.13
CUB 0.639 8.27 0.002
EXP 0.475 14.46 0.002
Pan1 QUA 0.761 7.95 0.028
CUB 0.915 14.30 0.013
EXP 0.661 11.71 0.014
Pan2 QUA 0.786 9.18 0.021
CUB 0.924 16.22 0.011
EXP 0.743 17.37 0.006
QUA: quadratic, CUB: cubic and EXP: exponential regression.compared to a 7 fold decrease in carbohydrate content levels
between the surface and subsoil for type 2 crusts.
An estimation of the amount of C stored as carbohydrates was
calculated for the upper soil profile for both crust and soil types.
These estimates, however, were calculated by bulking the carbo-
hydrate concentrations from all depths sampled and adding the
concentrations together. On Kalahari Sands, the C pool varies
between 180 and 400 gCm2 in the upper soil profile (top 800mm)
while concentrations in the pans are around 180 gC m2 in the top
400 mm soil.
Regardless of crust and soil type, the % of total organic C is
mainly composed of carbohydrates. Regression analysis of the data
showed that the correlation between % C estimated from the
carbohydrate content and % C from analyses in the upper soil profile
was positive and very strong (r2 ¼ 0.997). The % carbohydrate-C
calculated here could be an underestimation of the real carbohy-
drate-C content of these soils as it was estimated only considering
the amount of C using glucose as standard (glucose contains only
40% of C e C6H12O6).
Chlorophyll awas concentrated only in the upper soil layers (top
5 mm) at both sites and on all crust types (Fig. 4). Regardless of soil
type, in type 3 crusts the average surface concentration of chloro-
phyll a was significantly highest of all crust types. No statistically
significant differences were found between type 3 crusts from
Kalahari Sands and crusts from the pan.4. Discussions
Taking into consideration that cyanobacterial soil crusts cover
up to 40% of soils in pastoral areas and up to 90% in wildlife
management areas of the Kalahari (Thomas and Dougill, 2007),
their contribution to soil C pool was of particular interest in this
study and such quantification has never been attempted before.
Regardless of soil and crust type, a very high percentage (up to 75%)
of the total organic C is carbohydrates, as seen with the % carbo-
hydrate-C and % C ratio (Table 1). The data suggest that most of the
C store in these soils is in the form of EPS and are thus an important
component of the soil OM in Kalahari Rangelands.
EstimationsofC storedwithin theupper soilprofile (400e800mm
depth) vary between 180and400 gCm2. These approximations only
consider that 40% of carbohydrate is C, as they were calculated here
using glucose as standard. However, EPS are composed of complex
polysaccharides and the amount and typology of these compounds
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Fig. 4. Vertical distribution of chlorophyll a content in Kalahari Sand and pan soils. Graphs represent the cyanobacterial biomass under type 2 and type 3 crusts found in Kalahari
Sands (800 mm depth) and in pan soils (400 mm depth). Error bars on graphs are 2 SE of the mean.
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theless, because carbohydrates had a good correlation to the amount
of total organic Cmeasured, EPS content can beused to estimate soil C
pool in cyanobacterial soil crusts.
Carbohydrate content was significantly higher under plant
canopies (Fig. 1). The concentration of soil organic C in the Kalahari
is usually higher in the areas under canopy than in plant inter-
spaces, concentrated typically in the surface (Wang et al., 2007).
Comparing the results from this study with previous studies along
the Kalahari transect requires careful considerations due to the
different methods used and different locations. Further, previous
studies have failed to include the magnitude of the contribution of
cyanobacterial soil crusts to the soil C pool. Because these esti-
mates are part of the soil labile C pool (Chesire et al., 1992),
carbohydrates from cyanobacterial soil crusts could potentially
determine ecosystem productivity in the short term in the Kala-
hari. Therefore, this study represents an indication of the impor-
tance of the carbohydrates produced in cyanobacterial soil crusts
for Kalahari Sands OM and not an account of the soil C pool in
Kalahari soils.
The carbohydrate (Figs. 2 and 3) and chlorophyll a (Fig. 4)
content were significantly higher in the surface (0e5 mm) than in
the subsoil. These trends have previously been reported for crusted
soils in the Colorado Plateau (Garcia-Pichel et al., 2003). The
vertical distribution of cyanobacteria (chlorophyll a) and carbohy-
drates within the crusts can be divided into two distinctive layers
(from surface to bottom): a cyanobacteria-dense layer in terms of
biomass and maximum carbohydrate content (approximately
0e5 mm), and an inorganic layer (below 5 mm depth). For all the
cases evaluated in this study, an approximate decrease in carbo-
hydrate content of 75% was found from the surface to the subsoil
(800 mm deep). Microscale studies (Garcia-Pichel and Belnap,
1996; Hu et al., 2003) have identified the upper layer as the
euphotic zone. This layer is characterized by conditions of high light
intensity, large changes in temperature and absence of moisture
during the dry season. Under these conditions, the cyanobacteria
enter metabolic dormancy to tolerate desiccation and will resume
active metabolism only when moisture becomes available in the
next rainfall season (Potts, 2001).
Pan soils were included in this study to compare a contrasting
surface (soil texture) to the Kalahari Sands. Pans are a common
feature throughout the world's arid and semiarid ecosystems, dis-
playing a different morphology, hydrology and sedimentology
origins. The sediments consist of finer sands and clay with high
content of calcium carbonate (Thomas and Shaw, 1991). Comparing
the distribution of carbohydrates (Figs. 2 and 3) and chlorophyll
a (Fig. 4) in the soil from Kalahari Sands with those on the pan,similar patterns were found. Thus, high concentrations are found in
the surface layer (top 5 mm) decreasing exponentially with depth.
Comparing the results from this study with previous studies
along the Kalahari Transect (250 km north from the study site)
requires careful considerations due to the different methods used
and different locations. For example, the % C for type 3 crusts was
four times higher compared to those reported by Ringrose et al.
(1998) but within the upper range of those reported by Bird et al.
(2004) from areas of relatively similar mean annual precipitation.
The C content on the pan was 6%, comparable to those found by
Holmgren and Shaw (1997) on pans of the southeast Kalahari.
However, these studies in the Kalahari have failed to include the
magnitude of the contribution of cyanobacterial soil crusts to the
soil C pool. Because these estimates are part of the soil labile C pool,
carbohydrates from cyanobacterial soil crusts could potentially
determine ecosystem productivity in the short term in the Kalahari.5. Conclusions
It appears that the carbohydrate content in cyanobacterial soil
crusts could be used as a good estimation of the C sequestered by
cyanobacteria in the Kalahari. In the southwest Kalahari, the
carbohydrate content represents up to 75% (Table 1) of the total
organic C of the soils and is thus a key component of the C cycle in
the study area. Cyanobacterial soil crusts in the southwest Kalahari
are characterized by a vertical stratification, with a cyanobacteria-
dense layer (approximately 0e5 mm) and an inorganic layer. Cya-
nobacterial soil crusts not only increase OM, N and surface cohesion
(Thomas and Dougill, 2007) but represent a considerable source of
C for the Kalahari and therefore improves the resilience of the crust
to wind erosion.Acknowledgments
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